





















Droplet Behavior in a Transonic
Compressor Cascade
In recent years, overspray fogging has become a powerful means for power augmentation
of industrial gas turbines (GT). Most of the studies concerning this topic focus on the
problem from a thermodynamic point of view. Only a few studies, however, were under-
taken to investigate the droplet behavior in the flow channel of a compressor. In this pa-
per, results of experimental investigation of a water laden flow through a transonic
compressor cascade are presented. A finely dispersed spray was used in the measure-
ments (D10< 10 lm). Results of the droplet behavior are shown in terms of shadowgra-
phy images and images of the blade surface film pattern. The angle of attack, the
incoming velocity, and the water load were varied. The qualitative observations are
related to laser Doppler and phase Doppler anemometer (LDA/PDA) data taken in the
flow channel and at the outlet of the cascade. The data represent a base for numerical
and mean line models of two-phase compressor flow. [DOI: 10.1115/1.4028351]
1 Introduction
Two-phase flows in compressors have become a lively dis-
cussed issue in many topics of GT investigations such as the prob-
lem of rain ingestion into flight aero-engines during take off or
descent through a heavy rain storm as reported by AGARD [1].
An overview of wet compression in the field of aero-engines is
given by Oberm€uller et al. [2].
Contrary to the aforementioned subject, wet compression is an
economic way to enhance the power output of GTs to compensate
for an increased ambient temperature or to provide fast additional
power output to compensate for fluctuating power supply as it is
more prominent with an increasing percentage of renewable ener-
gies in the sector of power generation. Concerning this, Bhargava
et al. [3] provided a thorough overview of the work published.
This paper will focus on the latter subject.
One of the first systematic aerothermodynamic studies on the
thermodynamic effect of wet compression on compressor per-
formance was conducted by Hill in the early 1960s [4]. It was
shown that the injection of water leads to an increase of mass flow
resulting in a mismatch of the stages, meaning a decreased loading
of the front and an increased loading of the rear stages of the com-
pressor. Further, it is stated that the change in injected droplet size
and position of injection does not alter the process of mixing and
evaporation significantly. Contrary to these findings, more recent
results show opposing effects of droplet sizes [5–7] but the same
tendency regarding the stage loading of the compressor.
The influence of overspray fogging on the blades of a GT was
shown, for example, by Bhargava et al. [3], Brun et al. [8], and
Matz et al. [9]. All of these studies show evidence of a water film
on the first part of the blades suction side.
The experimental work of two-phase flow in a compressor was
first pushed forward by the work of Day et al. [10]. A four stage
compressor test rig was modified to study the effects of water
ingestion into aero-engines experimentally. The droplet diameter
was chosen to be in the range of 51–211 lm and water mass flow
rates of 0–17%. It was shown that water mass flow rates of 0–4%
had little effect on pressure rise, whereas higher rates led to signif-
icant losses. The majority of water droplets were found to hit the
rotor blade and to be accelerated toward the casing, resulting in an
almost dry annulus in the inner 90% of span. The water is shed
from the casing by the stator blades and flows inward accumulat-
ing in separated regions like the hub corner stall.
Contrary to the aforementioned study, Bettocchi et al. [11]
detected in their study of a six-axial, one radial stage compressor,
an increase of 2.0% in pressure ratio at minimum corrected mass
flow rate and an increase of 2.3% in maximum mass flow rate at
minimum pressure ratio. Furthermore, maximum efficiency is
increased by roughly 5 pp% and shifted toward higher mass flow
rates. The comparison of these experimental studies shows that
the effect of a droplet laden flow is highly dependent on the
boundary conditions.
To investigate the details of a two-phase compressor flow and
predict the outcome of overspray fogging, more accurately experi-
mental work on a droplet laden flow in a compressor cascade was
conducted at the high speed wind tunnel test facility at the Helmut-
Schmidt University in Hamburg, Germany. First results were
described by Ulrichs [12]. Diameter distributions of the outflow are
shown and the effect of droplet disintegration and droplets derived
from ligaments at the trailing edge were examined qualitatively.
Eisfeld and Joos [13] proceeded this research and showed qualita-
tive results of droplet splashing, rivulets forming on the suction
side as well as ligament forming on the trailing edge.
The two-phase phenomena have to be properly understood to
derive models for numerical and mean line calculations, to pro-
vide a basis for computational fluid dynamics (CFD) calculations,
and to interpret the outcome of experiments more accurately.
This investigation highlights the possible sources of deviations
in the flow field and shows qualitative differences in the flow pat-
tern on the blades and in the channel of the linear compressor
cascade.
2 Fundamentals
An investigation of a two-phase flow in a compressor has to
deal with several aerodynamic and thermodynamic effects which
occur during the interaction of the droplets with the surrounding
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air flow, the side walls of the flow channel, and other droplets. In
case of this investigation, the focus was put on an aerodynamic
view, whereas the thermodynamic behavior and changes due to
these effects were neglected.
According to Lefebvre [14], the spectrum of a spray can be
determined by two parameters one describing a representative di-
ameter and one diameter describing the range of droplet sizes. In
this study, the D10 and Sauter mean diameter (SMD) D32 are used





Furthermore, diameters are defined by the cumulative volume. A
diameter “Dv0.5” would indicate that droplets smaller or equal to
this value hold 50% of the total volume.
The capability of a droplet to follow the gas flow decreases
with an increasing droplet diameter. In case of a change in flow
velocity, this could lead to significant aerodynamic forces induced
by the slip velocity resulting in a deformation or even breakup of
the droplet. The level of deformation is influenced by the strength
of the acting aerodynamic forces and the counteracting surface





with vs¼ vg – vd being the slip velocity between the gas phase and
the droplets. Pilch and Erdman [15] give thresholds of critical
Weber numbers for different kind of breakup regimes.
In addition to droplets being disintegrated by aerodynamic
forces, the inertia of the droplets and the resulting slip velocity
can lead to droplet–wall interactions. The outcome of those inter-
actions—meaning deposition, rebounding, and splashing—is
highly dependent on the boundary conditions at impact. Experi-
mental investigations under GT relevant boundary conditions
were conducted by Schmehl [16] and Samenfink et al. [17]. The
outcome of a droplet impact event is governed by the ratios of in-
ertial forces, surface tension of the droplet, and the friction due to
aerodynamic forces. These ratios are given by the Reynolds num-





with vd,n being the velocity component of the droplet perpendicu-
lar to the surface and the normal Weber number Wen according to
Eq. (2) determined with the vd,n instead of the slip velocity vs.
3 Test Rig
The experiments were carried out at the open loop wind tunnel
at the Laboratory of Turbomachinery at the Helmut-Schmidt Uni-
versity in Hamburg, Germany, as sketched in Fig. 1 and presented
by Ober and Joos [18]. The air supply is provided by a radial com-
pressor followed by an intercooler to keep the inlet total tempera-
ture in the settling chamber at Ttot,in¼ 304 K. In this position, the
droplets are injected to reduce the slip velocity between droplets
and air flow. For the generation of the spray typical for overspray
fogging, demineralized water (conductivity< 3 lS/cm) is used
which is atomized in a manifold of 10–15 impingement nozzles.
To ensure a uniform contribution of the droplets, the pin nozzles
are aligned in a uniformly distributed grid. The characteristic
diameters produced by the impingement nozzles used (BETE
PJ10) as reported by the manufacturer are presented in Table 1.
The following intake duct has a length of approximately 2 m to
ensure that the slip velocity between the droplets and the air flow
is minimal in the cascade inlet. To reduce the influence of the
boundary layer, an injection system is installed as presented by
Eisfeld and Joos [19]. The cascade consisting of eight profiles is
embedded between two acrylic glass windows which allow optical
accessibility to the test section. Both the chord length and the
pitch of the cascade are 50 mm, respectively, the design deflection
angle Db¼ 6 deg, and the design inlet Mach number is
Ma1,design¼ 0.89. The channel width is 100 mm resulting in an as-
pect ratio of 2 which according to the AGARD 328 [20] is suffi-
cient for neglecting side wall effects in the measuring plane. The
water separator and the outlet valve to the chimney are located
approximately 5 m downstream of the test section to ensure the in-
tegrity of the flow in the area of interests.
3.1 Applied Measurement Techniques. Several pressure
and temperature measurements were mounted on positions along
the front and back traverse to ensure a periodic flow in the
regarded test area. For the detailed measurements of the two-
phase flow, a two dimensional LDA/PDA was used. This ensures
a nonintrusive data acquisition of the velocity components in two
dimensions and additionally the simultaneous acquisition of the
droplet diameter. Fundamentals of this measuring system have
been described by Albrecht et al. [21]. The LDA/PDA system
used is able to detect droplets with a minimum diameter of
0.1 lm. Due to the fact that the calculation of the diameter is
based on the assumption of spherical particles, nonspherical par-
ticles are neglected.
Droplets above a certain diameter do not follow the air flow
perfectly. The slip velocity increases with the size of the droplets.
Thus, the droplets had to be classified into different size classes
and, referring to Dring [22], only the smallest droplets (<2 lm)
are considered to follow the gas flow with negligible slip (<1%).
To guarantee a sufficient number of droplets in each droplet class,
10,000 validated measurements per measuring point were taken.
The resulting uncertainty in velocity is calculated as the sum of
errors of the signal detection uncertainty of a Laser burst of
approximately 1% (Ruck [23]) and the uncertainty of a possible
velocity slip (calculated according to Dring [22]) to be less than
3%. For shadowgraphy measurements, a DSLR Camera with
MACRO-lens (1:1 at 290 mm focal length) was used. As a source
of light, a spark flash lamp (HSPS Nanolite KL-K) was used,
which has a half width duration of 8 ns. This system was also used
in the investigation of the flow pattern on the blade suction side.
3.2 Test Setup. A water mass load of 1.3% and 2.1% was
tested with 90% and 100% of design inlet Mach number under rel-
evant incidence angles (b1¼ 149 deg–154 deg as reported by Ober
[24]). The LDA/PDA measurements were taken at discrete
Fig. 1 Sketch of the test rig
Table 1 Change of spray characteristics of the incoming flow
in the inlet duct
Nozzle exit (lm) Inlet of test section (lm)
D10 (lm) 5.8 7.0
D32 (lm) 20.0 38.7
Dv0.1 (lm) 12.0 26.5
Dv0.5 (lm) 27.0 48.5
Dv0.9 (lm) 43.0 61.0
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locations in a center plane of the test section. For the investigation
of the discharge droplet spectrum, the data were taken in front of
and behind the cascade as depicted in Fig. 2. The resolution of the
traverses was increased in areas with high gradients meaning the
estimated position of the wake. For the measurement of the con-
tour plots, a grid was used with 1704 nodes.
4 Results and Discussion
4.1 Investigation of Droplet Spectrum in the Inlet Duct.
The effect of water injection depends highly on the boundary con-
ditions such as the droplet size of the injected spray. Therefore,
the droplet spectrum of the incoming flow was measured directly
in front of the cascade presented in Table 1. The comparison
between the droplet spectrum directly at nozzle exit and in the
inlet of the test section shows that the difference of the mean di-
ameter D10 is small but the differences of the other diameters
listed are significantly larger. This shows that the peak diameter
does not change much but instead droplets of higher diameters
occur in the inlet spectrum, which hold a large part of the injected
water mass as can be seen in Fig. 3. Furthermore, the number frac-
tion of small droplets is increasing in the inlet duct.
These differences in droplet spectrum can have numerous rea-
sons. The increasing number of small droplets could result from a
secondary breakup of droplets which are exposed to high aerody-
namic forces due to the acceleration of the surrounding flow in the
first part of the inlet duct. The higher number of large droplets
could result from droplet coagulation in the inlet section of the
test rig or from the entrainment of droplets from puddles of depos-
ited water at the sidewalls of the inlet duct as mentioned by
Chaker and Meher-Homji [25] for applications in industrial GTs.
The inlet droplet spectrum in a GT is highly dependent on the
boundary conditions such as the position of the nozzle manifold
and water temperature. As shown by Chaker and Meher-Homji
[26], an injection of a spray in the inlet duct similar to the one
shown in this study will lead to a spray at the inlet of the compres-
sor with the peak diameter shifted toward larger droplets as the
small droplets are already evaporated. In the case tested, the tem-
perature as well as the residence time of the droplets is too low for
evaporation. Therefore, the change in the droplet spectrum has to
result from droplet–wall and droplet–droplet interactions. This
change in droplet spectrum has to be considered for precise CFD
calculations of an inlet duct.
4.2 Investigation of Two-Phase Phenomena in the Cascade
4.2.1 Overview of Phenomena. Figure 4 shows shadowgraphy
images of the two-phase flow around the profile under different
angles of attack (b1¼ 149 deg and 154 deg), a water load of
nw¼ 1.3% and an inlet Mach number Main¼ 0.89. Different phe-
nomena can be detected: splashing on the leading edge resulting
in a fine spray (dark shadow) which is driven downstream by aero-
dynamic forces and separation of droplet classes due to a varying
capability of following the airflow. Comparing these images, it is
obvious that the amount and the impingement outcome of
splashed droplets are dependent on the incidence angle. A high
incidence angle leads to an increased number of impacting drop-
lets on the pressure side of the profile, whereas a lower than
design incidence angle leads to splashed droplets on the suction
side. The outcome of such a splashing event can be estimated
using the aforementioned impact Weber number normal to the
surface. Regarding the boundary conditions of the impacting
spray, the impact angle can vary widely (aimp> 0 deg–90 deg).
Thereby, the impact Weber numbers can differ likewise
(Weimp,min< 1Weimp,max> 1000) depending on the position of
impact. High impact Weber numbers lead to a high amount of
small secondary droplets. Contrary low impact angles lead to a
significant amount of deposited water resulting in a formation of a
blade surface film. This film, however, alters the outcome of an
impact dependent on the height of the film and its waviness. For
most cases, the splashing of a droplet will lead to a fraction of de-
posited water and a fraction of small secondary droplets as shown
by Samenfink et al. [17]. As can be seen in the shadowgraphy
images, the spray is very dense around the leading edge and the
pressure side (high incidence angles four bottom) or the suction
side of the profile (low incidence angles four top). This is caused
by a high number of secondary droplets. A filter for identification
of which droplets are primary (impacting droplets) or secondary
(resulting droplets) could not be found yet. Therefore, investiga-
tions of the exact splashing behavior under these boundary condi-
tions are not yet done. The influence of splashed droplets on the
D10 and D32, however, can be seen in Fig. 5 near the pressure side
of the profile. The region of a reduced diameter corresponds to the
dark shadow in the shadowgraphy images. Furthermore, an
Fig. 2 Definition of cascade flow properties
Fig. 3 Droplet spectrum of the incoming flow measured at noz-
zle exit and in the inlet of the cascade
Fig. 4 Shadowgraphy images showing qualitative droplet
behavior at b1 5 149 deg (top) and b1 5 154 deg (bottom);
nw 5 1.3% and Ma1 5 0.89
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influence of the assumed wall film and impact angle is detectable
in the plot of the D10 in form of a decreasing number of small
droplets toward the trailing edge (x/c¼0.4 to 1).
Separation of droplets can be seen in the rear part of the flow
field as indicated in Fig. 4. Quantitatively, this is also present in
the distribution of the diameter D32 visible in a region of a low
D32 in the zone on the rear suction side and the zone above this
with an increased value as shown in Fig. 5. This separation of
droplet classes is caused by the higher inertia of the larger droplets
which hold the majority of the transported liquid mass as seen in
Fig. 3. The data presented so far show that although an exact
amount of splashed droplets cannot be detected the influence of
splashing can be seen in a reduction of the representative diame-
ters (DD1022%, DD3269%). The separation of droplet
classes on the rear suction side leads to decrease of DD10
57%, DD3241% for the high incidence case.
4.2.2 Flow-Induced Breakup. Aerodynamic forces resulting
from differences in the velocity of the droplet and the surrounding
flow lead to deformation of the droplet. If these forces are high
enough, secondary breakup will occur resulting in smaller droplets
as stated by Pilch and Erdman [15] and Schmehl [16]. The
breakup scheme and thus also the droplet sizes of the resulting
droplets are determined by the Weber Number given in Eq. (2).
As it can be seen only large droplets with a high slip velocity and
thus high Weber numbers will undergo droplet breakup. For this
reason, the influence of droplet breakup was analyzed regarding a
case with a high aerodynamic load (b1¼ 154 deg, n¼ 1.3%, and
Main¼ 0.89). The Weber number for the largest droplet classes is
plotted in Fig. 6. The highest Weber numbers are found in the
region of acceleration on the suction side of the profile. These
reach the critical Weber number Wecrit¼ 12 only in case of largest
droplets. It has to be mentioned, however, that although the aero-
dynamic forces are not high enough for secondary breakup at
We< 12 deformation does occur as stated by Schmehl [16]. Such
nonspherical droplets cannot be measured with an LDA/PDA
system.
Based on these findings, a parametric study was conducted to
investigate under which boundary conditions, i.e., inlet Mach
number, inlet flow angle, and water load, secondary breakup can
be detected. Vibrational breakup as well as bag breakup can be
detected as depicted in Fig. 7. The breakup is located directly in
front of or behind the shock wave due to the high slip velocity
between the air flow and the large droplets in this region. Regard-
ing the quantitative measurements in Fig. 5, the influence of de-
formation can be seen in a reduction of the D32 corresponding
well to the zone of highest Weber numbers. The influence on the
change of the droplet spectrum in the discharge of the flow chan-
nel, however, is not detectable.
Table 2 lists which boundary condition led to the stated droplet
breakup regime. The cases listed are limited to transonic condi-
tions with an inlet Mach number of Main¼ 0.89 because no drop-
let breakup could be detected with the lower inlet Mach number
tested.
This shows that for a comprehensive numerical simulation of a
two-phase flow in a compressor cascade a droplet breakup model
should be implemented in the code. This model should include
vibrational breakup, whereas a bag breakup model is not neces-
sary for most cases. The influence of droplet breakup on the dis-
charge droplet spectrum as discussed in this paper seems to be
negligible.
4.2.3 Wall Film Pattern. The investigation of the wall film
pattern will be mostly restricted to the suction side of the blade.
High speed images of the pressure side showed that there is a con-
tinuous wall film (data not shown here).
On the suction side of the profile, the impact of droplets is lim-
ited to an area around the leading edge. The water deposited dur-
ing splashing is accelerated by the airflow and also to some extent
by the additional inertia of other impacting droplets. The wall film
will decrease in height in the following due to the increasing ve-
locity and constant volume flow. The wall film will break up
when the sum of surface and kinetic energy is lower for a rivulet
Fig. 5 Contourplot of D10 (top) and D32 (bottom) around the
profile at Ma1 5 0.89, nw 5 1.3%, and b1 5 154 deg
Fig. 6 Weber numbers for droplet diameters of 40–60 lm (top)
and >60 lm (bottom) at Ma1 5 0.89, nw 5 1.3%, and b1 5 154 deg
Fig. 7 Droplet breakup regimes occurring in the acceleration
zone at Ma1 5 0.89, nw 5 1.3%, and b1 5 156 deg
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compared to a continuous film as shown by Saber and El-Genk
[27]. Figure 8 shows images of the wall film pattern at n¼ 1.3%,
Ma1¼ 0.89, and Ma1¼ 0.80 and for two different incidence
angles b1¼ 149 deg and b1¼ 154 deg. A continuous water film
can be identified on the suction side, originating at the leading
edge and terminating 0.1c–0.3c downstream. The point of disinte-
gration is moving toward the leading edge for higher incidence
angles and higher velocities. Furthermore, the number of rivulets
per area is decreasing with higher incidence angle (data not shown
here). The water mass deposited on the blade is proportional to
the projected area of the blade normal to the incoming flow. The
water is divided at the leading edge into a part flowing down the
pressure side and the other part flowing to the suction side. If the
incidence angle is low, the projected area of the suction side is
larger and consequently more water is deposited there. Addition-
ally, the gradient of the surrounding air flow is enhanced with an
increasing incidence angle which leads to an increased shear at
the film air interface. This, in turn, leads to an increasing accelera-
tion of the film and will also lead to the entrainment of water
droplets as stated in Ebner et al. [28]. Both effects will lead to a
decrease of film height and thus to an earlier breakup of the film
for increasing incidence angles. In most cases, the resulting rivu-
lets seem to have a constant width until they disintegrate at the
trailing edge.
In some cases, however, the flow of the rivulets can be dis-
turbed by a change in the surrounding aerodynamic flow. Such a
disturbance can be provoked by increasing the inlet Mach number
and consequently increasing the shock strength. As depicted in
Fig. 9, the shock leads to a widening of the rivulets caused by a
decreased air stream velocity and an increased static pressure. If
the shock is strong enough, a shock induced separation bubble
will be present which may cause rivulets to broaden to such an
extent that they coagulate. After the reattachment of the flow, the
film disintegrates again into discrete rivulets. The change in num-
ber and width of the new rivulets can differ significantly after the
coagulation. The reason for this has to be investigated in follow-
ing studies.
In conclusion, the location of film disintegration is moving to-
ward the leading edge with an increasing inlet velocity and inci-
dence angle. Further, it is shown that the film/rivulet structure on
the suction side can indicate aerodynamic effects in the boundary
layer. These findings are consistent with the agglomeration of
water in the hub corner stall found by Day et al. [10].
4.3 Discharge Droplet Distribution. In this section, the phe-
nomenological findings shown above shall be supplemented with
LDA/PDA data to provide quantitative data for the change in di-
ameter distribution in the cascade.
Problematic in the evaluation of the droplets with a LDA/PDA
system is the inability of measuring droplets which are nonspheri-
cal. As stated above, such droplets are present in the region of
strong velocity gradients and especially in the wake region where
the film of the profile disintegrates into droplets. A direct mea-
surement of the droplet diameter in this region can be misleading
as stated by Gepperth et al. [29]. Therefore, measurements of the
outlet traverse as depicted in Fig. 2 were used to estimate the real-
location of the water masses and the change of the droplet spec-
trum in the cascade. The spectrum was analyzed using the two
representative diameters D32 and D10. Both values are normalized
with the mean inlet value, respectively, to illustrate the change in
droplet spectrum more clearly.
Figures 10 and 11 show the pitchwise distribution of the change
of the D32 and D10 for three different incidence angles, respec-
tively. The incidence angles were chosen as representative for a
case with negative incidence (b1¼ 149 deg), zero incidence
(b1¼ 151 deg), and a high incidence angle (b1¼ 154 deg).
For clarity, the discharge traverse shall be divided into four
zones as depicted in Fig. 10. In the first zone, both diameters are
Fig. 8 Wall film pattern at nw 5 1.3%, Ma1 5 0.89 (left), Ma1 5 0.89
(right), b1 5 149 deg (top), and b1 5 153 deg (bottom)
Fig. 9 Shock–rivulet interaction at nw 5 1.3%, Ma1 5 0.97, and
b1 5 154 deg
Fig. 10 Pitchwise distribution of the normalized D32 at
nw 5 1.3%, Ma1 5 0.89 at 0.5c behind the trailing edge
Table 2 Boundary conditions for the emergence of different
droplet breakup regimes for Main 5 0.89
b1 (deg) nw¼ 1.3% nw¼ 2.1%
152 — Vibrational breakup
153 — Vibrational breakup
154 Vibrational breakup Vibrational breakup
155 Vibrational breakup Vibrational breakup
Bag breakup
156 Vibrational breakup Vibrational breakup
Bag breakup Bag breakup
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reduced (DD32¼5 to 9%, DD10¼12 to 2%; the first value
refers to low, the second to high incidence angles). The tendency
for the reduction, however, is reverse with an increasing incidence
angle. For higher incidence angles, large droplets were deformed
due to aerodynamic slip velocity. Therefore, the D32, which is
more influenced by the larger droplets, is decreased to a greater
extent. The contrary trend of the D10 in this region results from an
increased fraction of splashed droplets from the leading edge. In
case of the higher incidence angles, these smaller droplets will be
driven to a region closer to the suction side as seen later.
The second zone is dominated by secondary droplets resulting
from splashing of droplets from the leading edge as well as sec-
ondary droplets resulting from the splashing of the film on the
pressure side. The trend seen here is similar to the first region.
The splashed droplets from the leading edge lead to a very fine
spray as the impact Reynolds numbers are very high as shown by
Samenfink et al. (refer to Eq. (9)2 in [17]).
Dd;sec
Dd;prim
¼ 1 0:198Re0:5584n We0:1917n a0:1239imp (4)
The secondary droplets from splashing events on the pressure side
of the profile will lead to droplets with a larger diameter due to a
lower impact angle aimp. This leads to a high reduction of the D32
caused by an increased reduction of the bigger droplets in case of
a larger projected area (DD32¼18 to 34%) but to a lower reduc-
tion or even an increase of the D10 caused by larger fraction of
middle size secondary droplets (DD10¼34 to þ2%).
The droplet spectrum in the wake region (zone III) is influenced
mainly by two phenomena. First by the splashed droplets and
other small droplets which follow the flow around the airfoil
closely and second by the droplets resulting from the disintegrat-
ing liquid film of the blade. For the disintegrating droplets of the
film, the similarity to an airblast atomizer shall be used to estimate
the size of resulting droplets. The resulting D32 can be approxi-











to be D32 40 lm. This approximation leads to D32 which is in
the same magnitude compared to the experimental results
although the surrounding air flow velocity is significantly higher
(vairblast¼ 70 m/s and vblade¼ 200 m/s). The measurements show
that a low incidence angle leads to a ratio of D32,2/D32,1¼ 1.05,
whereas the ratio of SMDs is smaller than unity for design and
high incidence angles (D32,2/D32,1¼ 0.69). The change of the
mean diameter D10 shows that for low and design incidence con-
ditions the splashing of droplets with resulting smaller secondary
droplets is still dominant in the wake region leading to a ratio far
below 1 (D10,2/D10,1¼ 0.47–0.50) whereas in the case of high
incidence the number of larger droplets is significant leading to a
ratio D10,2/D10,1¼ 1.13. Different aspects contribute to this: the
reduction of D32 for high incidence and design angles is assumed
to result from breakup mechanisms which are still in progress at
this position in case of large droplets. On first sight this seems to
be contrary to the results by Gepperth et al. [29] which show that
the length of the ligaments does not alter significantly with the
volume flow on the plate. Still the results could be quite similar
because the measurement technique used in the regarded study
does not need spherical droplets for detection. The results of the
measurement of the D32 in the wake area for design and high inci-
dence angles is misleading and a trend of D32 more similar to the
low incidence angles is expected. This will be subject to further
investigation. The ratio of the mean diameter shows that the
amount of disintegrated droplets is highly dependent on the inci-
dence angle which is in accordance with the results of Gepperth
et al. [29].
The droplet spectrum in zone IV can be influenced by three
phenomena: first, the representative diameters are reduced by sec-
ondary droplets from splashing events at the leading edge. Sec-
ond, velocity induced breakup is most prominent in the
acceleration region at the leading part of the airfoil. The most im-
portant factor, however, is the inability of the large droplets to fol-
low the gas flow closely as shown in Fig. 5. The two latter reasons
lead to a stronger decrease of the D32 the higher the incidence
angle and the more the flow is turned (D32,2/D32,1¼ 0.76–0.39).
The almost constant ratio of D10,2/D10,1¼ 0.75–0.77 does show
that the minor turning and the droplet breakup only influence the
large droplets. An overview of the diameter changes is given in
Table 3.
Figure 12 shows the normalized D32 and D10 for an increased
water load of nw¼ 2.1%. The differences to the results with a
lower water load are mainly present in the zones II and III which
are dominated by the droplet/blade interactions. The most signifi-
cant change can be seen in the wake area (zone III). The normal-
ized diameters are increased by DD32¼ 60% and DD10¼ 100%
leading to a value greater than unity. This indicates that larger
droplets evolve from droplet wall interactions with thicker wall
films. The changing shape of the distribution compared to a lower
water load supports the theory that the breakup time for large
droplets is not sufficient in case of the smaller water load.
The influence of inflow velocity on the droplet spectrum is
shown in Fig. 13. The reduction of velocity leads to a decrease of
the diameters of DD32¼1% and DD10¼9% compared to the
case of Ma1¼ 0.89. A significant variation can only be detected
Fig. 11 Pitchwise distribution of the normalized D10 at
nw 5 1.3%, Ma1 5 0.89 at 0.5c behind the trailing edge
Table 3 Influence of the incidence angle on the distribution of
the D32 and D10 at Ma1 5 0.89 and nw 5 1.3%
D32 (deg) I (%) II (%) III (%) IV (%) Mean (%)
149 5 8 þ5 24 10
151 4 27 32 53 29
154 10 35 31 61 34
D10
149 12 34 53 24 31
151 6 11 50 28 24
154 2 þ2 þ13 23 3
2Modified for clarity in this context.
3The characteristic length for the Reynolds number and the Weber number is set
to be the boundary layer thickness
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for the D10 in zones I and III. Caused by a lower acceleration of
the splashed droplets in the main flow direction the splashed drop-
lets will lead to higher penetration of splashed droplet into the
middle of the channel. The change in the zone III results from a
shift of the wake region toward the pressure side as shown by
Ober [24]. This shows that the droplet breakup in the flow channel
does not alter the diameter distribution in the outlet of the cascade
significantly because no breakup was detected in the qualitative
investigation with a lower inlet velocity.
The data presented provide an experimental basis for the change
of droplet spectrum in a compressor flow channel. The change of
the droplet spectrum is sensitive to variations of the incidence angle
and the water load whereas the variation of inlet velocity leads to
minor deviations in the droplet distribution. The dominant influen-
ces are the splashing of droplets, the minor turning of larger drop-
lets, and the droplet disintegration at the trailing edge.
4.4 Discussion on the Influence of a Nonhomogeneous Dis-
charge Droplet Spectrum. The results presented show that pitch-
wise distribution of the discharge droplet spectrum measured is
highly inhomogeneous. For a transferability of these findings to
mean line or higher dimensional codes, some aspects shall be dis-
cussed briefly.
The inlet spectrum as it is shown in this study differs from
droplet spectrum produced by the nozzles and is assumed to be re-
alistic for certain applications of overspray fogging. Following the
trajectories of the droplets the first interaction in an industrial GT
will be present in the silencers, inlet strut or the inlet guide vanes
(IGVs). As IGVs are normally designed for low turning angles the
droplet wall interaction will be comparable to the data shown here
although the aerodynamics of the flow field will differ signifi-
cantly. This interaction will lead to a formation of streaks in the
discharge droplet spectrum in which larger droplet diameters will
be present as seen in Fig. 5. The ratio of the diameters in the wake
region is in most cases tested larger than unity. This leads to larger
droplets in the wake although the overall ratio is smaller than
unity. Consequently, this will lead to an enhanced droplet impact
on the surfaces of the following rotor.
Assuming that the compressor will behave like a Hill [4] com-
pressor, i.e., that the flow coefficient is increased in the first
stages, the rotor will experience an airflow with a negative inci-
dence angle of the airflow. The streak, however, will have a lower
axial velocity leading to an increased incidence angle of the large
droplets in this area. This will lead to impact and consequently
film formation on both the pressure and the suction side as shown
qualitatively for GTs inspected after overspray operation by Brun
et al. [8], Bhargava et al. [3], and Matz et al. [9]. The pictures of
this film formation under overspray conditions are consistent with
the images shown in this study regarding the change of film
breakup position. Further, it is assumed that the streaks on the
blades shown represent the flow of the rivulets. These show just a
small radial fraction of the streaks on the rotor blades.
The following stator will experience the same deviations form
the design inflow as discussed for the rotor. Velocity trajectories
of various droplet sizes passing a compressor were calculated by
White and Meacock [30] showing that the radial displacement in
the first stages is low even for large droplets. This indicates a
transferability of the results presented for the first stages of a GT
compressor. A transferability to the rear stages of a compressor
will be difficult because of a severe change of the boundary condi-
tions such as pressure, temperature, and incoming droplet spec-
trum. The exact outcome of the droplet spectrum is restricted to
the geometry and boundary conditions presented herein.
5 Conclusions
A detailed analysis of the droplet behavior in a linear transonic
compressor was conducted at Helmut-Schmidt University in Ham-
burg, Germany. This study shall give an overview of phenomena
one has to consider for a detailed investigation of a droplet laden
compressor flow. To provide a better understanding for which
boundary conditions these phenomena are relevant to the dis-
charge droplet spectrum the inflow angle and velocity as well as
the water load were varied. For the phenomenological investiga-
tion, shadowgraphy images as well as backlight images are pre-
sented, whereas for the quantitative analysis of the droplet
diameter LDA/PDA measurements were performed. The incom-
ing droplet spectrum was analyzed to sensitize the reader for the
importance of the different diameters to describe a droplet spec-
trum precisely. The main findings of this research are
— droplet breakup is present under high aerodynamic loading
of the flow but only for larger droplets
— the influence of the breakup on the discharge droplet spec-
trum can be neglected
— splashing of droplets at the leading edge results in a large
number of small droplets leading to a reduction of the diam-
eters near the blade
— splashing of larger droplets under low impact angles on the
pressure side will result in medium size droplets in the dis-
charge for high incidence angles
Fig. 12 Normalized D32 and D10 at water loads of nw 5 1.3% and
nw 5 2.2% at Ma1 5 0.89 at 0.5c behind the trailing edge
Fig. 13 Normalized D32 and D10 at Ma1 5 0.89 and Ma1 5 0.80
with nw 5 2.1% at 0.5c behind the trailing edge
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— the wall film on the suction side breaks up into rivulets
— the length of the continuous film decreases with increasing
incidence angle and inflow velocity
— disintegration of the film at the trailing edge will lead to
large droplets
— the increase of incidence angle leads to enhanced streak for-
mation in the cascade discharge and to higher number of
large droplets in the wake area
— the increase of water load leads to larger droplets in the
wake area
— the decrease of inlet velocity does not change the discharge
droplet spectrum significantly
— these results are in accordance with findings from field stud-
ies of GTs operating under overspray conditions
Nomenclature
c ¼ chord length
Dd ¼ droplet diameter
Dprim ¼ primary droplet diameter
Dsec ¼ secondary droplet diameter
Dv0.1 ¼ droplet diameter indicating a volume fraction of 10% of
the total liquid volume is in drops of smaller diameter
Dv0.5 ¼ droplet diameter indicating a volume fraction of 50% of
the total liquid volume is in drops of smaller diameter
Dv0.9 ¼ droplet diameter indicating a volume fraction of 90% of
the total liquid volume is in drops of smaller diameter
D10 ¼ mean diameter
D32 ¼ Sauter mean diameter
h ¼ film height
Ma1 ¼ inlet Mach number
N ¼ number of droplets
s ¼ splashing parameter
t ¼ pitch
vd=g ¼ droplet/gas velocity
w1=2 ¼ inlet/outlet relative velocity
aimp ¼ impact angle of droplets on the blade surface
b1=2 ¼ inlet/outlet flow angle
dx,edge ¼ boundary layer thickness at the trailing edge of the blade
ld=g ¼ droplet/gas viscosity
nw ¼ water load
qd=g ¼ droplet/gas density
rd ¼ droplet surface tension
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